ABSTRACT
INTRODUCTION
The combined use of computed tomography coronary angiography (CTCA) and myocardial perfusion imaging allows the clinician to non-invasively evaluate coronary morphology and function in patients with suspected coronary artery disease (CAD). (1-3) CTCA accurately detects CAD and is particularly useful to exclude obstructive disease in patients with low or intermediate pre-test probability of having CAD. Myocardial perfusion imaging can subsequently be used to assess the hemodynamic significance of CAD and to direct further treatment. The addition of CTCA to myocardial perfusion imaging has been shown to significantly improve specificity and overall diagnostic accuracy for the detection of significant CAD. (3) So far, predominantly nuclear imaging modalities have been used in combination with CTCA. Several studies have shown that cardiovascular magnetic resonance (CMR) myocardial perfusion imaging can reliably assess the hemodynamic relevance of CAD. (4,5) CMR does not involve ionizing radiation and has a diagnostic accuracy for detection of CAD that is at least equivalent as single photon emission tomography myocardial perfusion imaging. (6) (7) (8) Moreover, CMR allows the simultaneous assessment of ventricular and valvular function, cardiomyopathy and aortic disease. (9) Therefore, the objective of this study was to investigate the usefulness of a combined noninvasive anatomical and functional work-up using CMR imaging and cardiac CT for the diagnostic evaluation of patients with low to intermediate pre-test probability of CAD in clinical practice.
METHODS

Patients and study protocol
Patients were prospectively recruited from the outpatient cardiology clinic in our hospital. Inclusion criteria were chest pain and low or intermediate pre-test probability CAD according to the previously described Diamond/Forrester and CASS scale. (10) (11) (12) Exclusion criteria were any prior history of CAD (prior documented myocardial ischemia, myocardial infarction, percutaneous coronary intervention, or cardiac surgery), significant arrhythmia, pregnancy, renal insufficiency (serum creatinine > 110µmol/L), known allergy to iodinated contrast material, any absolute contra-indication for magnetic resonance imaging (e.g. cerebral clips), claustrophobia and asthma. The study population is a shared study population with a previous publication. (13) All patients underwent CT and CMR within 2 weeks. All patients with at least one atherosclerotic lesion causing > 50% diameter stenosis on CTCA and/or myocardial ischemia on CMR underwent invasive coronary angiography (ICA) within 2 months. Additionally, patients with no or non-obstructive CAD on CTCA and normal myocardial perfusion on CMR could be referred for ICA on the basis of their physician's clinical assessment. In case of intermediate CAD on ICA, additional fractional flow reserve (FFR) measurements were performed to determine the hemodynamic significance. Patients with no or non-obstructive CAD on CTCA and normal myocardial perfusion on CMR who did not undergo ICA were followed-up by standardized telephone interview after 1 year. After excluding significant CAD as the cause of their complaints, and depending on alternative findings and their cardiovascular risk profile, patients were advised treatment according to current guidelines for primary prevention of cardiovascular disease and/or referred to the appropriate physician for further evaluation. The study protocol was approved by the local ethics committee and written informed consent was obtained in all patients.
Cardiac computed tomography
Computed tomography was performed using a 64-slice CT scanner (Sensation 64, Siemens, Erlangen, Germany). When the resting heart rate was > 65 beats per minute, 50 mg metoprolol was administered orally one hour before the start of computed tomography. All patients received 0.4 mg nitroglycerin sublingual before the start of the scan. First a non-contrast scan was performed at 150 mAs and 120 kV. Using dedicated software (Syngo Calciumscoring, Siemens, Germany) the Agatston calcium score was calculated semi-automatically by an experienced observer, blinded to CTCA and CMR data. The coronary angiography scan was performed using a scan collimation of 64x0.6 using a flying z-focus at 900mAs and 120 Kv and automated bolus tracking after injection of 100 ml of non-ionic contrast agent (Ultravist300, Bayer, Germany). Using retrospective ECG triggering, data were reconstructed at 65% of the RR interval (slice thickness 0.75 mm, increment 0.4 mm). Two additional axial reconstructions from the same raw dataset were made with full field of view using a lung and a soft tissue reconstruction algorithm (slice thickness 5 mm, increment 5 mm). The radiation exposure was estimated using dedicated software (ImPACT, version 0.99x, St George's Hospital, London, UK). CTCA data were analysed in consensus by a radiologist and a cardiologist, blinded to the CMR and ICA data. The coronary tree was evaluated according to a 16-segment coronary artery model modified from the American Heart Association. (14) Each segment was graded by visual assessment on a four-point scale: normal (no stenosis); non-obstructive CAD (0-50% diameter stenosis); obstructive CAD (>50% diameter stenosis) and nondiagnostic (severe motion artefacts that impaired adequate image interpretation). Nondiagnostic segments were excluded from the analysis. The additional full field-of-view reconstructions were qualitatively evaluated for extra-cardiac pathology along the entire zaxis of the dataset using lung, mediastinal and bone window settings.
Cardiovascular magnetic resonance imaging
All imaging was performed on a 1.5 Tesla whole-body MRI scanner (Sonata/Avanto, Siemens, Erlangen, Germany). Patients were instructed to refrain from caffeinated drinks and other competitive antagonists of adenosine 24 hours before the examination. Ventricular and valvular function were assessed using retro-triggered, balanced steadystate free precession gradient-echo cine imaging (slice thickness 5 mm, temporal resolution 75 35-50ms) in 4-, 3-and 2-chamber long axis and short axis orientations. Myocardial perfusion was assessed using a dynamic single shot saturation recovery gradient-echo planar pulse sequence (matrix-size 160 x 144, voxel size 2.5 x 2.5 x 10 mm 3 ), accelerated by parallel imaging with a factor 2 using TSENSE, during the administration of 0.1 mmol/kg body weight of a gadolinium-based contrast agent (Magnevist, Schering AG, Germany), acquiring 3 short axis slices (basal, mid and apical) per heartbeat during 50 heart beats. Stress images were acquired after 3 minutes of continuous infusion of adenosine (140 μg/kg/min). The rest scan was acquired at least ten minutes after the stress scan, with identical scan parameter setting, contrast dose and slice positions. After the rest perfusion scan late gadolinium enhancement (LGE) images were obtained in identical orientations as the cine images using a 2D segmented inversion recovery gradient echo pulse sequence (slice thickness 5 mm, inversion time 250-300 ms). CMR data were analysed visually by two cardiologists blinded to the CT and ICA data. Left ventricular volumes and ejection fraction were calculated using Siemens Syngo Argus software. Both stress and rest perfusion images were analysed simultaneously on one workstation using a 16 segment model as described previously. (15) Segments were scored as normal, ischemic or scar. A myocardial perfusion defect was defined as hypoenhancement lasting more than three consecutive images after the arrival of the contrast agent in the left ventricular cavity. Myocardial ischemia was defined as a stress induced myocardial perfusion defect without hyperenhancement at LGE imaging. Scar was defined as a region of hyperenhancement at LGE imaging. The presence of any hyperenhancement at LGE was scored per segment and subsequently categorized as subendocardial, transmural or non-ischemic (mid-wall)
LGE. Subsequently, all segments were allocated to their coronary artery territories according to the 16 segment model. (14) Additionally, all CMR images were evaluated for other significant (extra-) cardiac pathology such as cardiomyopathies, myocarditis, valvular heart disease, aortic disease and other extracardiac diseases. They were defined according to established criteria. (8, (16) (17) (18) Invasive coronary angiography ICA was performed according to standard clinical protocols. During the procedure, the invasive cardiologist performed direct visual assessment of the coronary arteries. In case of intermediate lesions (30-70% visually assessed diameter stenosis), FFR was measured using a 0.014-inch pressure guide wire (Volcano Corporation, USA). The FFR was calculated as the ratio between the mean coronary artery pressure distal to the coronary stenosis measured by the pressure wire and the mean aortic pressure measured through the guiding catheter, recorded simultaneously under conditions of maximal hyperemia induced by intracoronary administration of 30-60 µg adenosine. (19) An invasive cardiologist blinded to CTCA and CMR data evaluated the angiograms. The coronary arteries were subdivided according to the same model as used in the CTCA images. (14) Significant CAD was defined as diameter stenosis >70% in at least 2 orthogonal directions using visual analysis, or as diameter stenosis 30-70% with FFR ≤ 0.75. When no FFR measurements were available, intermediate lesions (30-70%) were defined as significant when diameter stenosis was >50% in two orthogonal directions using quantitative coronary analysis (QCA; Inturis, CIVP, Philips, the Netherlands).
Follow-up
Patients with normal CTCA and CMR who did not undergo ICA within 2 months were followed-up by standardized telephone interview and review of their medical charts after 1 year. The following points were registered: interval diagnosis of significant stenosis on ICA, major adverse cardiovascular events (acute coronary syndrome, myocardial infarction, stroke, percutaneous or surgical coronary revascularization), cardiovascular and all-cause mortality.
Definitions and statistical analysis
The following parameters for detection of significant CAD were calculated in the group of patients that underwent ICA: receiver operating characteristic (ROC) curves, sensitivity, specificity, negative predictive value, positive predictive value and diagnostic accuracy. First, these parameters were calculated for all imaging modalities separately: CCS0 (coronary calcium scoring (CCS) using a cut-off value of zero), CTCA (CTCA showing obstructive CAD) and CMR (myocardial ischemia on CMR). Second, these parameters were retrospectively calculated for the following combined stepwise strategies: CCS-CMR (additional CMR when CCS > 0) and CTCA-CMR (additional CMR when CTCA shows obstructive CAD). A true positive CCS-CMR strategy was defined as a patient with CCS > 0 and myocardial ischemia on CMR and significant CAD on ICA/FFR. A true positive CTCA-CMR strategy was defined as a patient with obstructive CAD on CTCA with myocardial ischemia in the corresponding vessel territory on CMR and significant CAD on ICA/FFR. Figure 1 shows these two stepwise strategies in detail. All data were presented as mean ± standard deviation for continuous data. Differences between groups were tested by a paired t-test. Diagnostic parameters for the detection of significant CAD were obtained from two-by-two tables. Data were expressed with a 95% confidence interval (CI) calculated from binomial expression using Wilson's approximations. (20) The ROCs were compared using the method of the DeLong et al. (21) The sensitivity, specificity and diagnostic accuracy of the different strategies were compared using the pair wise McNemar test. Positive and negative predictive values of the different algorithms were compared by using the Fisher's exact test. In 50 randomly selected patients intra-and interobserver agreement for CMR perfusion was tested using Cohen's kappa test. Statistical analysis was performed using standard software packages, SPSS version 15.0 (SPSS, Chicago, IL, USA) and SAS version 9.2 (SAS institute, Inc., Cary, NC, USA).
RESULTS
Among the 210 consecutive patients enrolled in the study, 192 patients underwent both CT and CMR successfully. In 10 patients CTCA was not performed because of persistent heart rates > 65 beats per minute after the administration of metoprolol orally and intravenously. In 6 patients the CMR protocol could not be completed: 3 patients had prior unknown claustrophobia, 2 patients had transient adenosine induced third degree atrioventricularblock that disappeared after stopping the adenosine administration and 1 patient had transient supra-ventricular tachycardia. Two patients were excluded on the basis of findings on CTCA: one patient had bilateral pulmonary embolism and another patient had an anomalous origin of the left coronary artery with an interarterial course between the ascending aorta and main pulmonary artery. The flow chart of the remaining 192 patients who were included in the analysis is shown in figure 2 . The mean interval time between CT and CMR was 4±3 days (range 0-14 days, median 5 days). The estimated radiation exposure of CTCA was 17.0 mSv. Detailed patient characteristics are listed in table 1. In 71 patients CTCA showed obstructive CAD and/or CMR showed myocardial ischemia. All these patients were referred for ICA. Of 121 patients with no or non-obstructive CAD on CTCA and normal myocardial perfusion on CMR, 17 patients were referred for ICA on the basis of their physician's clinical assessment. data are expressed as number of patients with percentages within parentheses. *Mean ± standard deviation. †Typical chest pain 1) Substernal chest discomfort with a characteristic quality and duration that is 2) provoked by exertion or emotional stress and 3) relieved by rest or NTG. Atypical chest pain meets 2 of the above characteristics. Nonanginal chest pain meets one or none of the typical anginal characteristics (10) . ‡According to the combined Diamond/Forrester and CASS scale (10) (11) (12) . ____________________________________________________________________________________________ LGE subendocardial 6 (3) t r a n s m u r a l 1 ( 0 . 5 ) non-ischemic 17 (9) ____________________________________________________________________________________________ Note: data are expressed as number of patients with percentages within parentheses unless otherwise stated. *Median and quartiles. † Mean ± standard deviation; ‡ In 23 coronary arteries in 21 patients; § Significantly higher than heart rate at rest (p<0.05); ____________________________________________________________________________________________ A case example is shown in figure 3 . Intra-and interobserver agreement for CMR perfusion results was good : kappa 0.78±0.09 and 0.81±0.09, respectively (both p<0.0001). During a mean follow-up of 18±6 months, no events were recorded in 104 patients with no or non-obstructive CAD on CTCA and normal CMR. One patient underwent ICA after 1 year, but no significant CAD was found. No patients were lost to follow-up. Table 3 shows the diagnostic performance for detection of significant CAD of the 5 different imaging strategies in the group of patients that underwent ICA. Owing to its low specificity, the overall accuracy of CCS0 was lowest. The proportions of patients with significant CAD among patients with a CCS of 0, 1-99, 100-399, 400-999 and >999 were 0% (0/8), 20% (7/35), 32% (10/31), 75% (6/8) and 50% (3/6), respectively. 
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ICA was performed in 24 patients without obstructive CAD on CTCA. In these patients no significant CAD was found. CTCA was falsely scored as obstructive CAD in 38 patients. Twenty-four of these patients had intermediate lesions, but no significant CAD on ICA/FFR. Of 55 patients with normal myocardial perfusion on CMR who underwent ICA, 4 (7%) patients were false negative. These 4 patients had single vessel disease on ICA of which 2 had only intermediate lesions with borderline FFR (0.74). Of 33 patients with myocardial ischemia on CMR, 11 patients did not have significant CAD on ICA. Of these patients, 8 had left ventricular hypertrophy, 1 had a dilated cardiomyopathy and 1 patient had multiple risk factors for microvascular dysfunction (diabetes, hypertension and obesity). Of the 9 patients with left ventricular hypertrophy or multiple risk factors, 5 patients had no obstructive CAD on CTCA. The observed perfusion defect in these patients comprised 1 to 3 segments per patient. No specific pattern of the perfusion defect could be detected. Prevalence of myocardial ischemia among patients with non-anginal chest pain, atypical and typical chest pain were 8% (6/73), 21% (18/86) and 27% (9/33), respectively. A stress induced perfusion defect with hyperenhancement at LGE suggestive of prior myocardial infarction (scar) was found in 7 patients (6 subendocardial and 1 transmural). In 6 of these patients significant CAD was observed on ICA. There were no patients with non-ischemic scar and ischemia. In 8 patients an irreversible perfusion defect without the presence of hyperenhancement at LGE was found. These defects were scored as normal. Of 30 patients with CCS>0 and myocardial ischemia, 22 (73%) patients had significant CAD. Of 26 patients with obstructive CAD on CTCA and myocardial ischemia in a corresponding vessel territory, 22 (85%) patients had significant CAD. ROC analysis showed that the area under the curve (AUC) for detection of significant CAD using the combination of CTCA and CMR was significantly higher than the AUC using CCS, CTCA or CMR alone, see table 4. Furthermore, the combination of CTCA and CMR resulted in a significantly higher specificity than CTCA or CMR alone: 94% versus 39%, p<0.0001 or 82%, p=0.016, respectively. Moreover, the combination of CTCA and CMR resulted in a significantly higher overall diagnostic accuracy compared with CTCA or CMR alone: 91% versus 57%, p< 0.0001 or 83%, p=0.016, respectively. CTCA-CMR resulted in a significantly higher positive predictive value than CTCA alone: 85% versus 41%, p<0.001, and there was a trend towards a higher positive predictive value of CTCA-CMR than CMR alone (85% versus 67%, p=0.14). There was no significant difference in sensitivity between the combined strategies and CTCA or CMR alone: 85% versus 100%, p=0.13 or 85%, p=1.0, respectively. The specificity of the combined CCS-CMR strategy was significantly higher than CCS or CTCA alone (87% versus 13% p<0.0001, or 29% p<0.0001, respectively) but was not significantly different from the specificity of CMR: 87% versus 82%, p=0.25.
Similarly, the overall diagnostic accuracy of the combined CCS-CMR strategy was significantly higher than CCS or CTCA alone (86% versus 39% p<0.0001, or 57% p<0.0001, respectively) but it was not significantly different from the diagnostic accuracy of CMR: 86% versus 83%, p=0.25. 
Additional findings by CT and CMR
In 17 patients without significant CAD, the combination of CT and CMR provided an alternative cardiac diagnosis: myocarditis was found in 7 patients, hypertrophic cardiomyopathy in 7 patients, dilated cardiomyopathy in 2 patients and 1 patient had an anomalous coronary artery with a malignant interarterial course. Furthermore, 1 patient was diagnosed with bilateral pulmonary embolism and 1 patient had pneumonia. Additional clinically relevant cardiac findings were detected in 33 patients. Twenty patients had left ventricular hypertrophy. Twelve patients had mild but significant valvular heart disease and one had a mildly stenotic bicuspid aortic valve. There were no patients with moderate or severe valvular heart disease. Furthermore, in 14 patients, clinically relevant non-cardiac findings were detected by CMR and CT requiring treatment or follow-up, such as dilated thoracic aorta and emphysema. In table 5, all additional findings are listed. 
DISCUSSION
The present study investigated a combined non-invasive anatomical and functional diagnostic work-up using CT and CMR in a clinical population of patients with suspected CAD. It showed that the combined use of CTCA and CMR significantly improved specificity and overall accuracy for the detection of significant CAD compared with either modality alone. Our study has some unique characteristics. First, no study has as yet compared the combined use of computed tomography and CMR with invasive coronary angiography with conditional fractional flow reserve measurements. Second, the study population consisted of patients who were referred for non-invasive diagnostic evaluation of suspected CAD that represent the average patient population in an outpatient cardiology clinic. This is in contrast to other studies that primarily focused on patients who were already referred for ICA. (1,3) Furthermore, this study investigated the usefulness of the proposed combination for the detection of both significant CAD and additional (extra-) cardiac diagnoses. The need for more specific strategies for the non-invasive diagnostic work-up of patients with suspected CAD was demonstrated in a large study comprising 398,978 patients who underwent ICA. (22) Obstructive CAD was found in only 38% of these patients. Recently, the superior diagnostic value for the detection of significant CAD of a combined anatomical and functional strategy was shown using CTCA and nuclear myocardial perfusion imaging modalities. (3, 23) Similar to our results, the significantly higher diagnostic accuracy for the combination of CTCA and myocardial perfusion imaging than for either CTCA or myocardial perfusion imaging alone, was primarily a result of an improvement in specificity. This might be explained by the fact that myocardial perfusion imaging could demonstrate the functional (ir)relevance of CAD found on CTCA, and, conversely, that CTCA could exclude CAD in patients with abnormal myocardial perfusion, e.g. due to microvascular dysfunction. Improved specificity will ultimately result in less unnecessary invasive procedures. Furthermore, Pazhenkottil et al (24) recently showed that the combined use of CTCA and SPECT provided added clinical value in the decision making process in patients with suspected CAD. Hybrid imaging modalities, that combine CTCA with a nuclear perfusion imaging technique in one single scanning session, are increasingly used. Our results show that a stepwise approach improves diagnostic accuracy in a comparable way. In a low to intermediate risk group, exclusion of CAD with the highest degree of confidence should be the first and main priority. Although CMR would be an attractive initial examination because of the lack of radiation, CTCA is the most appropriate choice because of its exceptionally high negative predictive value. In such a strategy, only patients with abnormal CTCA will undergo further perfusion imaging and, thus, a large proportion of patients can be discharged home safely after only one test (67% of all patients did not have obstructive CAD on CTCA in our study). However, in patients with other (higher) risk profiles, other strategies, using CMR as a first-line or even as a stand-alone technique may be more appropriate, since in these patients, functional severity rather than the presence of CAD is the main question In the present study, diagnostic performance of CMR and CTCA for the detection of significant CAD was lower than previously reported. (5, 25, 26) This may be explained by the clinical profile of our study group. In contrast to other studies, patients were at low or intermediate risk of having significant CAD and were not yet referred for ICA. Accordingly, the prevalence of significant CAD and multi-vessel disease in the present study was low and a substantial number of patients had intermediate lesions (37 patients, 42% in ICA group). Conventional strategies for the diagnostic work-up of patients with low or intermediate risk CAD using exercise electrocardiography and (nuclear) perfusion imaging modalities focus on establishing the absence or presence of significant CAD. However, this may not always explain the etiology of (atypical or non-anginal) chest pain sufficiently. The present study shows how the combined use of computed tomography and CMR broadens the diagnostic scope in patients with chest pain by providing an alternative, clinically relevant diagnosis in a significant number of patients. In addition, it may obviate the need for further tests such as echocardiography and chest X-ray. When using the stepwise approach, significant epicardial CAD is excluded, but additional techniques are generally required to explore the presence of other, non-ischemic, cardiovascular disease. Further research is needed to determine safety and cost efficiency of the combined and stepwise protocols .
Limitations
The objective of our study was to investigate the usefulness of the combined strategy in clinical practice. Therefore, we included patients with low to intermediate likelihood of having significant CAD who were not already referred for ICA. As several studies have shown the excellent negative predictive value of CTCA and CMR, in the view of the authors it was found unethical to perform ICA in patients with no or non-obstructive CAD on CTCA and normal CMR myocardial perfusion. Seventeen of these patients underwent ICA after referral by their own physician on clinical grounds (referred on their physician's clinical assessment) with none having significant CAD, and the remaining patients did not experience any events during a one year follow-up. However, in these patients significant CAD was not definitively excluded and this study was not powered for prognostic endpoints. Therefore, the fact that ICA was not systematically performed in all patients can be regarded as an important limitation and referral bias might have influenced our results. Further research is needed to evaluate the prognostic value of the combined use of CTCA and CMR in these patients. Although we acknowledge that in research QCA may be more appropriate, this clinical practice oriented study was designed using visual analysis to assess stenosis severity. Furthermore, FFR measurements were only performed in lesions of intermediate severity (diameter stenosis 30-70%). Stenoses of higher grade (>70) were classified as hemodynamically significant, in concordance with clinical practice. However, recent studies have shown that angiographic lesions with 70-91% diameter stenosis are not always functionally significant according to FFR measurement (27) . Performing FFR measurement in all vessels might therefore have changed the results of this study. Furthermore, considering current recommendations, radiation dose in our study was quite high. With the use of prospective triggering techniques and newer generation CT-scanners (dual source, 256-320 slice) radiation dosage can be significantly reduced. (28) 
Conclusions
The present study showed the advantages of the combination of computed tomography and CMR for the diagnostic evaluation of patients with suspected CAD in clinical practice. The combined work-up significantly improved specificity and overall diagnostic accuracy for the detection of significant CAD, and allowed the detection of alternative (extra-) cardiac disease in patients without significant CAD.
